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Genomics of Fish Bacterial Pathogens
Genome sequence information is a valuable source of information for studying pathogenesis, virulence, immunogenicity, therapeutic targets and diagnosis of fi sh pathogenic bacteria. In addition, this information increases our understanding of the host-pathogen interaction for developing prevention methods for fi sh and shellfi sh infectious diseases in aquaculture. In the microbe genome sequence database of NCBI as of 12 January 2010 (www.ncbi.nlm.nih.gov/genomes/ lproks.cgi), the number of completed genome sequences of bacteria including those that are pathogenic and non-pathogenic is 986, those in assembly stage are 1149 and those that are unfi nished (under various stages in genome projects) are 1186. Some of these are fi sh pathogenic bacteria (Table 21 .1). Four species, Aeromonas salmonicida subsp. salmonicida , Aliivibrio salmonicida (Hjerde et al., 2008) , Flavobacterium psychrophilum (Duchaud et al., 2007) and Renibacterium salmoninarum (Wiens et al., 2008) were isolated from fi sh, and four species, A. hydrophila (Seshadri et al., 2006) , Mycobacterium marinum (Stinear et al., 2008) , Vibrio harveyi (Genbank accession No. NC_009783, NC_009784) and V. splendidus (GenBank accession No. NC_011744, NC_011753) were not taken from fi sh. Moreover, four species, Edwardsiella ictaruli, E. tarda, Lactococcus garvieae and Streptococcus iniae are currently being completed, while two species, V. anguillarum ( Rodkhum et al., 2006a,b) and Photobacterium damselae subsp. piscicida (Naka et al., 2005) have been partially sequenced (Table 21 .1). Recently, the whole genome sequence of E. tarda has been completed (Wang et al., 2009) . These bacteria possess a single chromosome of 3.76 Mbp containing 3486 predicted protein-coding sequences. The following section presents the completed genome sequence of four fi sh pathogenic bacteria, F. psychrophilum (Duchaud et al., 2007) , A. salmonicida subsp. salmonicida , Al. salmonicida (Hjerde et al., 2008) and R. salmoninarum (Duchaud et al., 2007) , and the partial genome sequence of two fi sh pathogenic bacteria, P. damselae subsp. piscicida (Naka et al., 2005) and V. anguillarum ( Rodkhum et al., 2006a,b) .
Aeromonas salmonicida subsp. salmonicida
A. salmonicida subsp. salmonicida is a Gram-negative bacterium and the causative agent of furunculosis in salmonid fi sh. Furunculosis has been recognized as an important disease in wild and farmed fi sh. The genome size of A. salmonicida subsp. salmonicida strain A449 is 4.7 Mbp encoding 4388 genes . Many of the genes are potentially virulence related, including virulence factor secretion system (type II and III secretion systems), adhesion (fl agella and pilus), toxins (aerolysin, haemolysin, RTX toxin, endotoxins), secreted enzymes (proteases, nucleases, chitinases, glycerophospholipid cholesterol acyltransferase, esterase, collagenase), iron acquisition (syderophore synthesis and uptake, haem receptors) and quorum sensing-related proteins (Table 21 .2). Based on the genomic sequence, Nash et al. (2006) developed a DNA microarray containing 2024 genes for A. salmonicida subsp. salmonicida. They studied the variation of different isolates of the bacteria and found that many known virulence genes were common to all strains tested. Some of these virulence-related genes were knocked down and their pathogenicity against salmonid fi sh was confi rmed. Dacanay et al. (2006) demonstrated that the type III secretion system (TTSS) was essential for virulence of A. salmonicida subsp. salmonicida by using single gene knockout mutant strains. Recently, Boyd et al. (2008) examined the virulence of the pili of A. salmonicida subsp. salmonicida. The bacteria have no visible pili but its genome contains genes for three type IV pilus systems including Tap, Flp and mannose-sensitive haemagglutinin pilus (MSHA). They found that the Tap contributed moderately to the virulence to Atlantic salmon (Salmo salar) but Flp made little or no contribution to virulence. Boyd et al. suggested that the A. salmonicida subsp. salmonicida type VI pili were not absolutely required for virulence in Atlantic salmon. Interestingly, Masada et al. (2002) reported that the A. salmonicida subsp. salmonicida type IV pilin (Tap) was required for virulence in rainbow trout (Oncorhynchus mykiss). From these studies, it was hypothesized that type IV pilus system in A. salmonicida subsp. salmonicida had a role in host-pathogen interaction.
Aliivibrio salmonicida
Al. salmonicida (formerly V. salmonicida) is a Gram-negative bacterium and the causative agent of coldwater vibriosis in Atlantic Vibrio anguillarum ND Rodkhum et al., 2006a,b salmon, rainbow trout and Atlantic cod (Gadus morhua). Similar to the characteristics of family Vibrionaceae, the Al. salmonicida strain LFI1238 genome also consists of two chromosomes. The size of the two chromosomes is 3.3 Mbp (chr I) and 1.2 Mbp (chr II) encoding 3070 and 1105 protein coding genes, respectively (Hjerde et al., 2008) . Hjerde et al. (2008) found several potential virulence factors in the genome, including secretion systems (type I, II and VI), type IV pilus, haemolysins, iron acquisition systems, etc. (Table 21. 3). In some Vibrio species, haemolysin, particularly the thermostable direct haemolysin (TDH), is known as one of the most important virulence factors. Interestingly, there are fi ve putative haemolysin genes in Al. salmonicida genome, although none of the fi ve genes are homologous to TDH (Hjerde et al., 2008) . Recently, fi ve different haemolysin genes have also been found in V. anguillarum (Rodkhum et al., 2006a) . Two of the genes, VAH2 and VAH5, were homologous to those found in the Al. salmonicida genome. In the case of V. anguillarum, these haemolysin genes are indicated to be two of the virulence factors in rainbow trout. There is a good possibility that the fi ve putative haemolysin genes of Al. salmonicida are involved in virulence, but it is necessary to carry out further experiments to confi rm this. By using the genome information of Al. salmonicida, it is possible to identify or characterize virulence factors and host restrictions.
Flavobacterium psychrophilum
F. psychrophilum is a Gram-negative bacterium and responsible for the coldwater disease, causing considerable economic losses in salmonid fi sh and ayu aquaculture worldwide. The genome of F. psychrophilum strain JIP02/86 (ATCC49511) consists of a 2.9 Mbp circular chromosome with 2432 protein coding genes (Duchaud et al., 2007) . Duchaud et al. (2007) found several putative virulence factor genes such as toxins (proteases, haemolysin, thiol-activated family of pore-forming toxin), adhesions and secretion systems (Sec-independent transport systems, PorT and PorR). In the case of putative toxins, there are several different types of proteases, including seven genes for metalloprotease, two genes for metallopeptidase and two genes for serine endopeptidase. Interestingly, they have found only a truncated form of the collagenase gene, which is known as a virulence factor in several pathogenic bacteria including F. psychrophilum (Duchaud et al., 2007) . Duchaud et al. (2007) (Magariños et al., 1994) , cell surface capsule (Magariños et al., 1996; Arijo et al., 1998) , extracellular products (Nakai et al., 1992) , haemolysin (Magariños et al., 1992) and phospholipase (Naka et al., 2007) . By partial genome analysis, 2055 protein-coding genes, including several virulence-related genes containing colonization factors (37 genes), exotoxin (5 genes) and lipopolysaccharide biosynthesis-related molecules (6 genes) were identifi ed (Naka et al., 2005) . Among the colonization factors, 27, 3 and 4 genes have homology with polar fl agellar-related genes, capsule biosynthesis genes and others (accessory colonization factors, SOD, MshA biogeneis and haem receptors), respectively (Naka et al., 2005) . With exotoxin genes, two different types of haemolysins, phospholipase, lysophospholipase and hyaluronidase were found. Extracellular products of P. damselae subsp. piscicida have virulence activity against mouse and rainbow trout and it is thought that phospholipase and haemolysin are involved because they have been detected in the extracellular products. Naka et al. (2007) confi rmed that phospholipase of P. damselae subsp. piscicida had haemolytic activity and found the sensitivities of fi sh and mammal erythrocytes to phospholipase were very different. Phospholipase showed strong haemolytic activities for fi sh [yellowtail, carp (Cyprinus carpio), rainbow trout, red sea bream (Pagrus major), sea bass (Lateolabrax japonicus) and tilapia (Oreochromis niloticus)] erythrocytes but little or no haemolytic activities for mammalian (rabbit, horse and sheep) erythrocytes. However, the haemolytic activity of the phospholipase was detected in all mammalian erythrocytes with the addition of lecithin. These results indicate that the phospholipase is a lecithin-dependent haemolysin (LDH) against mammalian erythrocytes and a direct haemolysin for fi sh erythrocytes. The different sensitivities between mammalian and fi sh erythrocytes to phospholipase might be due to differences in the relative amounts of phospholipids (e.g. phosphatidylcholine, phosphatidylethanol amine, phosphatidylserine and phosphatidylinositol) in the membrane of erythrocytes. Other studies have described results similar to those reported here. V. mimicus haemolysin (phl gene) has little or no ability to lyse mammalian erythrocytes, although it does lyse fi sh erythrocyte (Lee et al., 2002) . V. parahaemolyticus thermolabile haemolysin (tlh gene) (Taniguchi et al., 1985) , which has phospholipase A activity, has high identities with V. harveyi and V. mimicus and shows LDH activity (Schmiel and Miller, 1999) . The amino acid sequences of all these haemolysins from Vibrio spp. are similar to the amino acid sequence of P. damselae subsp. piscicida phospholipase (Taniguchi et al., 1985; Schmiel and Miller, 1999; Lee et al., 2002) .
Vibrio anguillarum
V. anguillarum is the aetiological agent of vibriosis or haemorrhagic septicaemia affecting marine and freshwater fi sh and shellfi sh. The V. anguillarum genome is composed of two chromosomes similar to other Vibrionaceae (Okada et al., 2005) . Several virulence factors have been identifi ed in this species, including iron uptake system, polar fl agella, metalloproteases, major surface antigens and haemolysins, by individual cloning experiments (Rodkhum et al., 2006b) . Rodkhum et al. (2006b) identifi ed 2826 genes by partial genome analysis. Among these, 40 putative virulence-related genes were identifi ed, 36 of which were novel in V. anguillarum, including a repeat in toxin (RTX) gene cluster, haemolysin gene, enterobactin gene, protease genes, lipopolysaccharide biosynthesis genes, capsule biosynthesis gene, fl agellar genes and pilus genes. The RTX gene operons contain a total of fi ve open reading frames (ORFs) arranged in two operons, rtxAC and rtxBD (Rodkhum et al., 2006b) . These operons had RTX toxin gene (rtxA) and RTX toxin transporter gene (rtxB), and RTX toxin activating protein gene (rtxC) and RTX toxin transporter gene (rtxD), respectively (Li et al., 2008) . The gene organization of this RTX gene cluster was highly similar to the RTX gene cluster of V. cholerae O1 biovar E1 Tor str. N16961 (Heidelberg et al., 2000) and V. vulnifi cus YJ016 (Ruby et al., 2005) . Sixteen genes encoding the components, which might mediate adherence and colonization to the host cells, were identifi ed. Several capsule and cell surface component genes that were related to virulence in other bacterial pathogens were found, including the virulence gene, vibriobactin-specifi c 2,3-dihydroxybenzoate-AMP ligase (angE) (Liu et al., 2004) . This gene was proven to have a redundant function with angE gene on virulence plasmid pJM1 of V. anguillarum 775 (Alice et al., 2005) . Haemolysin has been suspected of being an important molecule involved in haemorrhagic septicaemia, which is a major sign of fi sh vibriosis. Some types of haemolysin in V. anguillarum have been published and some properties of haemolysin have been verifi ed. Five different types of putative haemolysin genes have been identifi ed and characterized, all of which show high similarity to haemolysin genes in other Vibrio species, such as V. cholerae O1 biovar El Tor (Heidelberg et al., 2000) , V. parahaemolyticus (Taniguchi et al., 1990; Makino et al., 2003) and V. vulnifi cus (Chen et al., 2003) . The role of these novel haemolysin genes in the virulence of V. anguillarum was further investigated and compared with the role of haemolysin genes in other Vibrio species, and it was shown that each haemolysin gene contributed to the virulence of V. anguillarum in juvenile rainbow trout.
Genomics of Fish and Shellfi sh Viral Pathogens
Mortalities in cultured fi sh and shellfi sh due to infectious viral disease have been a serious problem worldwide for several decades.
The major viral-causing diseases are listed in Table 21 .4. Whole genome analysis of disease-causing viruses is very important to elucidate and understand the mechanism of virus infection into the host animals. Genomics research for fi sh and shellfi sh virus began in the mid-1980s, when researchers discovered a small-sized genome from an RNA virus. Currently, 40 whole genome sequences from a total of 20 fi sh and shellfi sh viruses (almost half the species in (Darai et al., 1985; Tidona and Darai, 1997) . The succeeding sections describe the genomics as well as the proteomics of viral haemorrhagic septicaemia virus (VHSV), koi herpesvirus (KHV) and WSSV, which have caused most mass damage to aquaculture.
Viral haemorrhagic septicaemia virus (VHSV)
VHSV, which causes one of the devastating diseases of salmonid and marine fi sh, is a non-segmented, negative single-strand RNA virus of the genus Novirhabdovirus, family Rhabdoviridae. The whole genome sequence of VHSV has been determined from seven strains (Table 21 .5). The size of the whole genome comprises 10,845 ∼ 11,182 bp, encoding six proteins: the nucleoprotein or nucleocapsid protein (N), the phosphoprotein (P), the matrix protein (M), the glycoprotein (G), the non-virion protein (NV) and the viral RNA polymerase (L) (Schütze et al., 1999) . These genes are arranged in the order 3′-N-P-M-G-NV-L-5′. Nucleotide and (Betts and Stone, 2000) . Of the VHSV proteins, the G-protein is a good example of a molecule that has been applied successfully as DNA vaccine for the rainbow trout (Lorenzen et al., 1998 (Lorenzen et al., , 2009 ). The G-protein is especially capable of inducing protective immunity, having been tested, together with the N-protein, as a DNA vaccine for salmonid fi sh (Lorenzen et al., 1998) , as well as a DNA vaccine for infectious haematopoietic necrosis virus, which is under the same genus Novirhabdovirus (Corbeil et al., 1999 (Corbeil et al., , 2000 . The DNA vaccine of VHSV G-protein is also effective in inducing the immune response of Japanese fl ounder, giving a high survival rate of > 93% (Byon et al., 2005) .
Koi herpesvirus (KHV)
KHV (alternatively termed cyprinid herpesvirus type-3, CyHV3) has been responsible for outbreaks resulting in high mortalities in the common carp (C. carpio) and its variety, the koi carp, both in fi sh farms and in the natural environment worldwide (McGeoch et al., 2006) . KHV classifi ed within the Alloherpesviridae family, has the longest known genome among the species of the Herpesvirales order, with a double-stranded DNA of about 295 kb, containing 22 kb terminal direct repeat (Hutoran et al., 2005; Waltzek et al., 2005; Aoki et al., 2007) . The whole genome sequences of three KHV strains from Japan (strain TUMST1), the USA (strain KHV-U) and Israel (strain KHV-I) have been determined (Table 21 .5). From these sequences, 15 KHV genes have been found to have clear homologues with the distantly related channel catfi sh virus (icutalurid herpesvirus type-1, CyHV1), indicating that the fi sh herpesvirus is considerably more divergent than the mammalian herpesvirus (Aoki et al., 2007) . These genome sequences are interpreted as having arisen from a wildtype parent encoding 156 unique proteincoding genes, eight of which are duplicated in the terminal repeat. Thirty-one kinds of proteins identifi ed in KHV-J genome are listed in Table 21 .6. Interestingly, the 
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Predicted membrane glycoprotein ORF25, 26, 27, 30, 40, 65, 99, 115, 116, 124, 126, 131, 136, 138, 139, 146, 148 predicted 27 membrane proteins (including transmembrane protein or glycoprotein) of KHV are major components of the virion envelope and appear to be relevant for the virus host cells as well as the host immune response (Table 21 .6). The vertebrate immune components containing two soluble types of tumour necrosis factor receptor (TNFR) and interleukin-10 are also found in the KHV genome. The KHV envelope protein pORF81 has already been detected by Western blot and immunoelectron microscopy (IEM) using rabbit anti-pORF81 serum (Rosenkranz et al., 2008) .
White spot syndrome virus (WSSV)
White spot syndrome virus (WSSV, alternatively named white spot bacilliform virus [WSBV] ) is an acute disease pathogen of major economic importance in cultured penaeid shrimp worldwide. The virus is not only present in shrimp but also occurs in other fresh, brackish and seawater crustaceans, including crabs and crayfi sh (Lo et al., 1996) . WSSV is a large, double-stranded circular DNA virus assigned to the genus Whispovirus (family Nimaviridae), which is not related to any known viruses. The whole genome sequence of WSSV has been determined from three strains isolated from China (WSSV-CH, Yang et al., 2001) , Taiwan (WSSV-TW, Tsai et al., 2004) and Thailand (WSSV-TH, van Hulten et al., 2001; Marks et al., 2004 (Marks et al., 2004 (Marks et al., , 2005 . The WSSV genome has nine homologous repeat regions, each of which contains numerous imperfect palindromic repeats (250 bp in size) (Yang et al., 2001; van Hulten et al., 2001; Marks et al., 2004) . The number of non-overlapping ORFs (≥ _ 60 amino acids) ranges from 181 (in the WSSV-CN genome) to 184 (in the WSSV-TH genome). Some genes encode proteins with identifi able function. These proteins include DNA replicating enzymes (DNA polymerase, ribonucleotide reductase subunits, dUTPase, thymidylate synthase, thymidine-thymidylate kinase) and protein-modifying proteins (protein kinase) (Table 21 .6). Proteomic studies on purifi ed virions have led to the identifi cation of over 50 structural proteins (Huang et al., 2002; Tsai et al., 2004; Li et al., 2007) . Together with other techniques, such as Western blot analysis and IEM, these structural proteins could be classifi ed into envelope, tegument and nucleocapsid proteins (Tsai et al., 2006; . The structural proteins include a very large gene, vp664, that encodes a major nucleocapsid protein of about 664 kDa (Leu et al., 2005) . Shotgun proteomic analysis of WSSV infected epithelium identifi ed 11 novel proteins that were presumed to be non-structural . Functional studies have meanwhile discovered several WSSV genes, including latency-related genes (Khadijah et al., 2003) , immediately early genes (Liu et al., 2005) , ubiquitination-related genes He et al., 2006) and anti-apoptosis genes He et al., 2006) . However, most ORFs of WSSV are still unassigned.
